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Abstract

Amyotrophic lateral sclerosis (ALS) is the most common form of motor neuron disease, characterized
by progressive degeneration of upper and lower motor neurons. Clinically heterogeneous, ALS
presents with varying patterns of muscle weakness, spasticity, and atrophy, ultimately impairing
mobility, communication, swallowing, and respiration. The pathogenesis of ALS involves a complex
interplay of genetic and environmental factors. Despite extensive research, ALS remains incurable,
with only modestly effective disease-modifying therapies currently available. This review
summarizes current understanding of ALS pathophysiology, clinical phenotypes, diagnosis, and
ongoing therapeutic developments.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive and fatal neurodegenerative disorder, and
it is the most common form of motor neuron disease (MND) [1]. The global prevalence of ALS is
estimated at 4 to 6 cases per 100,000 people, classifying it as a rare disease. Regional differences in
prevalence have been observed, with higher rates reported in Europe and North America compared
to Asia and Africa [2]. This disparity may reflect underdiagnosis or limited access to neurological
care, but genetic and environmental modifiers likely also contribute [3].

ALS is characterized by progressive muscle weakness, spasticity, and atrophy, ultimately
impairing mobility, communication, swallowing, and breathing [4]. “Amyotrophy”, which is
muscular weakness, is caused by lower motor neuron (LMN) degeneration, whereas “lateral
sclerosis” refers to corticospinal tract degeneration in the lateral columns of the spinal cord due to
upper motor neuron (UMN) degeneration [5]. Clinical findings associated with LMN degeneration
include muscle weakness and fasciculations while, clinical findings associated with UMN
degeneration include hyperreflexia, incoordination, and spasticity. Importantly, sensory nerves are
typically spared in ALS [4].

ALS differs in age of onset and initially affected areas. Early-onset and late-onset ALS refer to
the age at which symptoms of ALS first appear. Bulbar-onset and limb-onset ALS, describe different
clinical presentations of the same disease, distinguished by the initial region of symptom
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manifestation and progression patterns [4,6]. The average survival time following symptom onset
ranges from 2 to 5 years. Early-onset ALS tends to show a male predominance (male:female, 1.5:1)
[7], whereas bulbar-onset displays a female predominance [8]. The sex difference in ALS incidence
diminishes with increasing age, and in late-onset ALS, men and women are affected almost equally

[9].
2. Genetics

2.1. ALS Genes

ALS is characterized by considerable genetic heterogeneity and complex genetic architecture
featuring monogenic, oligogenic, polygenic inheritance and varying penetrance [10]. The disease also
demonstrates significant phenotypic variability and clinical overlap with other neurodegenerative
disorders, such as frontotemporal dementia (FTD), adding diagnostic complexity. Approximately
10% of ALS cases are familial (fALS) with at least another affected family member, whereas the
remaining 90% are considered sporadic (SALS) without any known family history [11]. Although
there is a clear environmental component influencing disease development, twin studies support an
estimated heritability of ~60%, indicating a strong genetic component.

The first major breakthrough in ALS genetics came in 1991 when a study reported linkage of
fALS to chromosome 21q [12], followed by the identification of mutations in the SOD1 gene in 1993
[13]. SOD1 gene encodes superoxide dismutase 1, a cytoplasmic antioxidant enzyme protecting cells
from oxidative stress by metabolizing superoxide radicals. Since then, more than 200 mutations in
SOD1 have been described, the majority of which are missense mutations inherited in an autosomal
dominant manner. SOD1 mutations account for approximately 12% of fALS and 1-2% of sALS [14].

In 2008, mutations in the TARDBP gene, encoding transactive response DNA-binding protein
43 (TDP-43), were identified as a cause of autosomal dominant ALS [15]. Although TARDBP
mutations are relatively rare, accounting for approximately 4% of fALS and 1% of sALS, TDP-43
proteinopathy, marked by cytoplasmic aggregates and nuclear loss, is observed in ~97% of ALS cases,
making it a major pathological hallmark of the disease.

The following year, in 2009, FUS (Fused in Sarcoma) was discovered as another ALS-related
gene, encoding a multifunctional RNA-binding protein [16]. Mutations in FUS are especially
clustered in the C-terminal domain responsible for nuclear localization. Like TDP-43, FUS mutations
result in toxic cytoplasmic inclusions and are more common in juvenile and early-onset ALS,
especially in certain populations.

A major advance occurred in 2011 with the discovery of the GGGGCC (G4C2) hexanucleotide
repeat expansion in the first intron of C90rf72 gene, which became recognized as the most common
genetic cause of both ALS and FTD [17,18]. This finding resolved a long-standing mystery
surrounding the chromosome 9p locus, which had shown strong linkage in fALS/FTD [19-21] and
had also been replicated by genome-wide association studies (GWAS) in sALS/FTD [22-25], but
lacked a defined causal gene due to technical limitations in detecting repeat expansions. The
breakthrough was enabled by next-generation sequencing combined with repeat-primed long-read
PCR and changed the landscape of ALD/FTD genetics by providing an explanation for a big
proportion of the missing heritability. The example of C9orf72 discovery highlights how technical
limitations and structural variants may contribute to the missing heritability in ALS. C9orf72
expansions now account for up to 40% of fALS and 7-10% of sALS, although frequencies vary
geographically.

Overall, pathogenic variants in C9orf72, SOD1, TARDBP and FUS genes account for
approximately 60% of fALS and 11% of sALS. The frequencies of several ALS mutations differ
between populations of different geographical regions due to founder effects. For instance, the
C9orf72 hexanucleotide repeat expansion is the most common genetic cause of fALS in Europe [26]
whereas it is rare in Japan [27,28]. Similarly, mutations in SOD1 and FUS are more frequently seen in
fALS cases in Japan [29] while mutations in TARDBP are more common in Europe [30].
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Recent technological advances, particularly in GWAS, whole-exome sequencing, and whole-
genome sequencing, have led to the discovery of additional ALS genes, bringing the total number of
ALS-associated genes to over 40, and expanding our understanding of pathogenic pathways. These
discoveries have not only clarified disease mechanisms but also provided a genetic explanation for
approximately 75% of fALS and 25% of sALS cases [31]. Nevertheless, a significant proportion of
cases remain genetically unexplained, suggesting a role for structural variants, non-coding regulatory
mutations, epigenetic factors, and gene-environment interactions.

2.2. Genetic Diagnosis and Counseling Challenges

Diagnosing ALS and providing effective genetic counseling is particularly challenging due to
the disease’s genetic complexity and phenotypic overlap with other neurodegenerative conditions.
Moreover, distinguishing between familial and sporadic forms of ALS is increasingly challenging, as
pathogenic variants often occur in individuals with no known family history due to factors such as
reduced penetrance, variable expressivity, de novo mutations, or unrecognized phenotypic
variability in relatives (e.g., FTD). This complicates the interpretation of genetic test results and limits
the ability to provide clear prognostic information. Furthermore, the emergence of variants of
uncertain significance adds to diagnostic ambiguity, requiring careful assessment and reclassification
over time. The growing amount of genetic information must be carefully integrated into clinical
practice, balancing the benefit of early ALS diagnosis with the management of the complex ethical
and psychological implications due to the devastating nature of the disease and the lack of therapy.

3. Pathophysiology

Histopathologically, ALS is characterized by the degeneration of pyramidal Betz cells in the
motor cortex, as well as motor neurons in the spinal cord and brainstem, occurring in the context of
widespread neuroinflammation [32,33]. The hallmark feature is the presence of cytoplasmic
aggregation of phosphorylated (p), ubiquitinated, and cleaved at the C-terminus TDP-43, which is
present across most ALS subtypes, except in patients with SOD1 or FUS mutations [34,35]. This
hallmark has gained particular attention due to its prion-like propagation along defined
neuroanatomical circuits [36,37]. Myelinated fibers and long-projecting motor neurons that innervate
spinal regions appear especially vulnerable, perhaps reflecting their high metabolic demands [38,39].
However, pTDP-43 inclusions are not confined to motor regions but also appear in areas such as the
basal ganglia, thalamus, and cerebral cortex, suggesting widespread involvement beyond classical
motor systems. pTDP-43 inclusions are not restricted to motor neurons; non-motor neurons such as
the pyramidal layer II or III cells of large areas of the neocortex [40], and glial cells have also been
found to contain cytoplasmic TDP-43-positive inclusions [41]. Morphologically, pTDP-43 inclusions
can be ‘skein-like’, filamentous, or rounded [42], and are accompanied by nuclear clearance of TDP-
43, disrupting its essential functions in RNA metabolism and splicing [43]. The origins of this TDP-
43 proteinopathy remain unclear, but multiple hypotheses, ranging from disrupted RNA
homeostasis to impaired autophagy, have been proposed [44].

In fALS, pathological presentation often varies significantly depending on the underlying
genetic mutation, leading to distinct patterns of neurodegeneration. In FUS-related ALS, mutations
disrupt the nuclear localization of FUS, resulting in loss of its regulatory functions in transcription
and RNA maturation, and the formation of toxic FUS aggregates in the cytoplasm [45,46]. In SOD1-
related ALS, mutations cause motor neuron damage through conformational changes which may
lead to excitotoxicity, ER stress, oxidative stress, mitochondrial dysfunction, and prion-like spread
[47]. In C90orf72-related ALS, the most common genetic form of the disease, pTDP-43 aggregates are
commonly observed [48]. In addition, the expanded G4C2 repeat in C9orf72 generates RNA foci that
sequester RNA-binding proteins. These foci are predominantly found in neuron cytoplasm but are
also present in glial cells [34,37,49]. G4C2 repeat undergoes repeat-associated non-ATG (RAN)
translation, resulting in the production of DPRs [50]. DPRs are neurotoxic and accumulate in regions
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like the cerebellum and hippocampus, often co-localizing with p62, a marker of impaired autophagic
degradation [51].

Toxic accumulation of aggregates triggers neuroinflammatory responses which contribute to
ALS progression. Microglial activation was linked to protein aggregates [52], leading to synapse loss
[53], potentially mediated by complement activation products [54]. Astrocytes, integral to tripartite
synapses, lose their supportive functions, acquire detrimental roles, and exhibit impaired interactions
with motor neurons [55]. Notably, recent evidence suggests that neuroinflammation in ALS might be
neuron-initiated. Activation of the stimulator of interferon genes (STING) pathway, central to innate
immunity, has been observed in large layer V Betz cells, among the earliest to degenerate in ALS [56].

4, Preclinical Studies on ALS

4.1. In Vivo Studies

Both naturally occurring and experimentally induced models have advanced our understanding
of ALS. Among the latter, transgenic rodents and invertebrates including zebrafish, Drosophila, and
C. elegans, expressing mutant ALS genes, have been utilized for recapitulating disease mechanisms
and identifying therapeutic targets (Table 1). The SOD1*G93A transgenic mouse was the first widely
studied ALS model. This model overexpresses human SOD1 with a glycine-to-alanine mutation at
codon 93 [57]. It replicates core ALS features, including motor neuron loss, mitochondrial
dysfunction, oxidative stress, and glutamate excitotoxicity, leading to paralysis and death.
SOD1"G93A supported the development of FDA-approved drugs like riluzole and edaravone [58].
Other SOD1 mutations, such as G37R and G85R, offer alternative disease trajectories and mechanistic
insights [59]. Furthermore, rodent models of TDP-43, the main component of ALS-linked protein
inclusions, show motor neuron loss and RNA processing defects, with cytoplasmic mislocalization
and have been utilized to explore the contribution of gain versus loss of TDP-43 function [60]. FUS
mutation rodent models display cytoplasmic mislocalization, motor neuron degeneration, and
variable disease severity depending on mutation type, promoter, and dosage [59,61]. C90rf72 repeat
expansion rodent models reveal hallmark features like RNA foci, DPR protein accumulation, and
TDP-43 pathology, though outcomes vary based on construct and background [62].

Table 1. Transgenic models for ALS common mutations.

Gene Promoter(s)/ Species Pathology Relevance References
Model

Vertebrates

SOD1 Human SOD1 Mouse Motor neuron loss, iron Model for fALS, well- [63-70]

GI93A, G86R, Rat accumulation, gliosis, axon characterized

G37R, degeneration, mitochondrial

A4V, damage

D90A

TDP-43 BAC, mPrp, mThylMouse Cytoplasmic TDP-43 Models TDP-43 pathology  [71-77]

Knock-in, Rat aggregates, motor deficits,

A315T, M337V, neuroinflammation

Q331K,

G348C

FUS Tau, mPrp, CAG  Mouse Cytoplasmic FUS aggregates, Found in early-onset ALS,  [78-84]

Knock-out, Rat nuclear clearance, motor shares features with TDP-43

overexpression, neuron loss

R521C, R521G,

P525L

C90ORF72 BAC, AAV Mouse RNA foci, DPRs, Most common genetic cause [85-92]

[100-1000]n nucleocytoplasmic transport  of ALS and FTD

[500]n defects, TDP-43 pathology, p62

[64]n in aggregates

[147]n

[450]n

Invertebrates
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Sodl, Morpholino Zebrafish Motor axon length decrease, ~ Transparent embryos, live  [93-98]
tdp-43, knockdown or swimming deficits, synaptic ~ imaging, high-throughput
fus, gene abnormalities
c9orf72 overexpression;

CRISPR/Cas9;

injections of human

mRNA
TDP-43, FUS, Gene mutants or Drosophila Motor neuron degeneration,  Fast generation, [99-108]
SOD1, DPRs overexpression;  melanogaster locomotor defects, inclusion  conserved pathways

UAS-Gal4 system formation, axonal transport

for expression of defects

human transgenes
TDP-43, SOD1, Knockdown; Caenorhabditis Locomotor defects, Genetic screens and modifier [109-114]
DPRs human transgene elegans neurodegeneration, cytosolic  identification

expression aggregates, axonal

abnormalities

4.2. In Vitro Studies

4.2.1. Human iPSC-Derived Organoids

Induced pluripotent stem cell (iPSC)-derived brain and spinal organoids have emerged as
transformative tools for modeling early-stage ALS within a human neurodevelopmental context.
These 3D culture systems preserve cytoarchitecture and cellular diversity, enabling the recapitulation
of complex molecular and cellular phenotypes that are difficult to capture in traditional 2D cultures
or animal models.

Notably, the C9orf72-ALS/FTD cerebral organoids reproduce the full triad of hallmark
molecular pathologies, TDP-43 mislocalization, DPR accumulation, and p62-positive inclusions,
during a presumptive presymptomatic stage [115]. These organoids also exhibited key
neurodevelopmental abnormalities, including reduced numbers of deep-layer neurons, disorganized
glial architecture, and impaired glutamatergic synaptic function, all of which closely mirror changes
observed in post-mortem ALS brains. Cerebral organoids exposed to pathological extracts from ALS
tissue developed robust TDP-43 pathology, astrocyte proliferation, and signs of DNA double-strand
break-associated apoptosis [116]. These findings not only support a mechanistic link between
proteinopathy and cell death but also highlight the utility of organoids in modeling both endogenous
and exogenous pathological triggers. Moreover, C9orf72-ALS cerebral organoid slice cultures
revealed DPR accumulation, particularly poly(GA), in deep-layer neurons, increased p62 expression
in astrocytes, and signs of nuclear pyknosis [117]. Remarkably, these pathological changes were
reversed by treatment with GSK2606414, a PERK inhibitor, underscoring the therapeutic potential of
targeting integrated stress response pathways.

In parallel, organoid models have been extended to the neuromuscular axis. Sensorimotor
organoids harboring ALS mutations in TARDBP, SOD1, and Profilin 1 (PFN1), identified early
cellular impairments at the neuromuscular junction [118]. ALS neuromuscular organoids (NMOs)
could faithfully model peripheral pathology, including reduced contractile force, neural denervation,
Schwann cell loss, and glutamatergic dysfunction [119]. These NMOs also recapitulated hallmark
features such as RNA foci and DPR protein aggregation in neurons and astrocytes. Acute treatment
with GSK2606414 enhanced muscular contraction two-fold and reduced DPR aggregation and
autophagic stress, reinforcing the value of NMOs for therapeutic screening.

Collectively, these studies validate iPSC-derived brain organoids as a versatile and
physiologically relevant platform for modeling both cell-autonomous and non-cell-autonomous
mechanisms of ALS.

4.2.2. Human iPSC-Derived Neurons and Glia

Recent in vitro studies in iPSC-derived neurons and glial subtypes have built upon earlier
research and provided novel insights into ALS molecular pathogenesis. From a cellular pathology
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perspective, deficits in synaptic structure and axonal function are central features of ALS. iPSC-
derived motor neurons provide high-resolution access to these vulnerable compartments. In a recent
study, C9orf72-mutant motor neurons exhibited impaired autophagy, reduced lifespan, and
cytoplasmic TDP-43 inclusions [120]. Moreover TBK1 autophosphorylation was detected within
those aggregates, linking proteinopathy to defective stress responses. Interestingly, C9orf72 knockout
did not directly affect TDP-43 aggregation or axonal transport, but led to a reduction in mature
lysosome numbers, indicating selective impairment of autophagic flux.

Further insight into neuron-intrinsic stress responses was provided by a study demonstrating
that both TDP-43 depletion and DPR expression induce DNA damage and activate the STING innate
immune pathway in neurons [56]. These results converge on a model in which synaptic and axonal
degeneration emerge as early, central events in ALS, driven by a combination of RNA dysregulation,
impaired organellar function, and aberrant immune signaling.

Astrocytes derived from iPSCs have proven essential in elucidating non-cell-autonomous
drivers of motor neuron degeneration. Insights from iPSC studies indicate that while astrocytes are
relatively resistant to TDP-43 propagation compared to motor neurons, they play an active role in
modulating proteinopathy spread [121]. Rather than acting as passive bystanders, astrocytes function
as a dynamic buffer, one that may limit or facilitate pathological transmission depending on the
context. Further supporting this dual role, organoids exposed to ALS-derived extracts develop
reactive astrogliosis [116], indicating that astrocytes contribute both to the local tissue response and
potentially to disease propagation. These observations reinforce the concept of astroglia as both
potential protectors and facilitators of neurodegeneration, depending on disease stage and
microenvironmental cues.

iPSC-derived microglia models have added an additional layer of insight into
neuroinflammatory pathways in ALS. C9orf72-ALS microglia displayed a pro-inflammatory
transcriptional profile and secreted matrix metalloproteinase-9 (MMP-9) in response to
lipopolysaccharide, promoting motor neuron apoptosis [122]. Although direct toxicity was not
observed in baseline co-culture conditions, C9 microglia altered the extracellular milieu and
increased dipeptidyl peptidase 4 (DPP4) expression, suggesting early immune priming and subtle
glia-neuron crosstalk. These findings align with a growing body of evidence supporting the idea that
glial cells, particularly microglia, contribute to the creation of a permissive, or even toxic,
environment that accelerates neuronal loss in ALS.

5. Clinical Presentation

ALS typically presents with an insidious onset and follows a relentlessly progressive course [6].
Although ALS is a distinct clinical entity, the relative involvement of UMNs and LMNs varies
significantly between individuals, influencing both the clinical presentation and prognosis. ALS
shares overlapping clinical features with other MNDs, including progressive muscular atrophy
(PMA), progressive bulbar palsy (PBP), and primary lateral sclerosis (PLS), which can complicate the
diagnostic process [5]. Furthermore, multiple disease phenotypes exist, defined by the site of onset
and the subsequent pattern of clinical progression [123]. In most cases, the initial presentation dictates
the trajectory of disease evolution [5].

5.1. Classical ALS

5.1.1. Typical Clinical Features

Classical ALS typically begins with weakness in the distal part of one extremity, either upper or
lower [4]. As the disease progresses, it spreads to adjacent regions of the same limb, followed by
involvement of the distal part of the contralateral limb, resulting in an asymmetrical pattern of
progression. Eventually, bulbar muscles become affected, and later, the trunk and respiratory
muscles are involved. Death usually occurs from respiratory failure within 2 to 5 years of symptom
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onset. Notably, sphincter and ocular muscles are generally spared throughout the disease course
[124].

Lower extremity-onset classical ALS is characterized by distal muscle atrophy and spasticity,
often manifesting as foot drop. Weakness gradually ascends to involve the calf and thigh muscles,
followed by involvement of the contralateral limb in a similar pattern. On examination, patients
typically present with painless weakness, preserved sensory function, and exaggerated tendon
reflexes. A positive Babinski sign may also be observed. Early presentation with spastic weakness in
the lower limbs can resemble PLS, with a definitive ALS diagnosis becoming apparent only as LMN
signs emerge over time [4].

Similarly, upper extremity-onset ALS presents with distal hand weakness and spasticity in the
fingers, sometimes appearing as wrist drop. While the finger extensors, abductors, and adductors are
affected, the long finger extensors are often spared, allowing preservation of grip strength in the early
stages. As the disease progresses, weakness extends to the forearm and upper arm, accompanied by
fasciculations, hand atrophy, increased spasticity, and generalized hyperreflexia. A positive
Hoffmann sign may be present [4].

While bulbar muscle involvement typically follows limb involvement in ALS, bulbar-onset ALS
occurs in approximately 25% of cases. The most common initial symptoms are dysarthria and
dysphagia, often followed by sialorrhea. Physical examination frequently reveals tongue atrophy and
fasciculations. The trunk and respiratory muscles, such as the abdominal, thoracic, posterior neck
muscles, and the diaphragm, are usually affected in the later stages of the disease. However, rare
presentations of thoracic-onset or respiratory-onset ALS do occur. These forms are characterized by
symptoms such as camptocormia (forward flexion of the trunk) and head drop, and are associated
with early respiratory failure [6].

Based on the site of symptom onset, several clinical ALS phenotypes have been described,
including flail arm syndrome, flail leg syndrome, spinal-onset, bulbar-onset, hemiplegic, pseudo-
polyneuritic, thoracic-onset, respiratory-onset, and mixed-onset ALS [123,125]. Flail arm syndrome
is defined by symmetric proximal weakness in the upper limbs, whereas flail leg syndrome involves
distal-onset weakness in the lower limbs. These syndromes can be difficult to distinguish from
classical ALS with limb-onset due to overlapping features. However, flail arm and flail leg syndromes
generally have a slower progression, with neurological deficits remaining confined to the limbs for a
longer duration. Accurate differentiation of these phenotypes is crucial for establishing an
appropriate prognosis and guiding management [126].

5.1.2. Additional Clinical Features

ALS may be accompanied by pseudobulbar palsy, which is characterized by pathological crying,
laughing, and yawning due to involvement of the frontopontine pathways. Although less common,
autonomic symptoms such as constipation and sensory disturbances can also occur, a presentation
referred to as ALS-plus syndrome [127]. Cognitive impairment is increasingly recognized as a
significant non-motor feature of ALS. Approximately 30-50% of individuals with ALS exhibit some
degree of cognitive dysfunction, while 15-20% meet the criteria for FTD. Patients with ALS-FTD
spectrum disorder often display impairments in executive functioning and verbal fluency, along with
behavioral changes such as apathy, disinhibition, and agitation [5,123].

5.2. Other Motor Neuron Disease Subtypes

5.2.1. Progressive Muscular Atrophy (PMA)

Progressive muscular atrophy (PMA) occurs more commonly in males and is characterized
primarily by the solely involvement of LMN [128]. The most frequent presentation is distal upper
extremity-onset, marked by hand weakness and atrophy, with progression to the forearm and upper
arm muscles. Less commonly, the disease may begin in the proximal upper limbs or the lower
extremities. On physical examination, patients typically exhibit reduced or absent tendon reflexes,
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consistent with LMN dysfunction. Over time, UMN signs may develop in a significant proportion of
individuals, leading to a reclassification as LMN-onset ALS [129,130]. Interestingly, even in patients
without clinical UMN involvement during life, postmortem histopathological studies have revealed
corticospinal tract degeneration in approximately 50% of cases [131]. Although PMA is a progressive
disease, its course is generally slower than that of classical ALS, especially in individuals with early-
onset PMA (<50 years old) [128,132].

5.2.2. Progressive Bulbar Palsy (PBP)

Individuals with PBP typically present with dysarthria and dysphagia, which progressively
worsen over time. Common symptoms include impaired articulation, nasal speech, food retention in
the mouth, coughing, and choking due to dysphagia. In the early stages, tongue atrophy and
fasciculations are often observed. As the disease advances, physical examination may reveal loss of
the pharyngeal reflex and an exaggerated jaw jerk, reflecting increased weakness of the muscles of
mastication. Some patients initially exhibit pseudobulbar signs, such as pathological laughing,
crying, or yawning, due to spastic bulbar weakness in the absence of atrophy. PBP gradually
progresses to involve the respiratory muscles, ultimately leading to death. Notably, early-onset PBP
is associated with a poorer prognosis [4,133].

5.2.3. Primary Lateral Sclerosis (PLS)

PLS is a rare motor neuron disease, accounting for approximately 2-4% of all ALS cases. It is
characterized by isolated UMN degeneration, without clinical or electrophysiological evidence of
LMN involvement. The typical presentation involves asymmetric stiffness in the lower extremities,
which gradually progresses to spastic paraparesis. Over time, spasticity may extend to the upper
extremities and bulbar muscles, leading to dysarthria and pseudobulbar palsy. Less common initial
presentations include bulbar-onset PLS, which is marked by early pseudobulbar signs, and unilateral
spasticity (also known as Mills” hemiparetic pattern). In some cases, patients may present with pure
spastic paraparesis, which subsequently spreads to involve other regions. Although PLS has a slower
progression and more favorable prognosis than ALS, accurate diagnosis is essential, as early-stage
ALS can mimic PLS before LMN signs appear [4,134].

6. Disease Diagnosis

In the absence of definitive biomarkers, ALS remains a clinical diagnosis of exclusion, which can
pose significant challenges for physicians. However, the development of standardized diagnostic
criteria, alongside the use of electrophysiological and neuroimaging techniques, has greatly enhanced
diagnostic accuracy [123].

The El Escorial criteria, initially established to identify individuals eligible for ALS clinical trials,
have undergone several revisions. The currently used version is the 2000 revision, also known as the
Awaji criteria [135,136]. Under these criteria, electromyographic (EMG) findings are considered
equivalent to clinical evidence of LMN involvement. To establish a diagnosis of clinically definite
ALS, the following criteria must be met: a. evidence of both UMN and LMN degeneration, b. disease
progression, either within a single anatomical region or to other regions, and c. the exclusion of
alternative diagnoses through clinical evaluation, laboratory testing, electrophysiology, and
neuroimaging. The anatomical regions used for disease classification include bulbar, cervical,
thoracic, and lumbar (Table 2).

Table 2. Revised El Escorial criteria [135].

DIAGNOSIS CRITERIA
Definite ALS Presence of both UMN and LMN signs in 3 anatomical regions.
Probable ALS Presence of both UMN and LMN signs in >2 anatomical regions, with

UMN signs observed rostral to LMN signs, is suggestive of ALS.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0269.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 August 2025 d0i:10.20944/preprints202508.0269.v1

9 of 21
Probable ALS, supported by Presence of both UMN and LMN signs in 1 region, with EMG
laboratory results evidence of LMN involvement in at least 1 other region.
Possible ALS Presence of UMN and LMN signs in a single region, or UMN signs in

2 or 3 regions without LMN involvement.

Anatomical regions used for disease stratification: Bulbar, cervical, thoracic, lumbar.
ALS, Amyotrophic lateral sclerosis; UMN, upper motor neuron; LMN, lower motor neuron.

All individuals suspected of having ALS should undergo nerve conduction studies (NCS) and
electromyography (EMG) [6,137]. NCS may assist in diagnosis by detecting reduced action potential
amplitudes, which can precede clinically apparent weakness. EMG is essential for the diagnosis of
nearly all ALS cases [4]. Characteristic EMG findings include: a. acute denervation, evidenced by
fibrillation potentials and positive sharp waves, b. chronic denervation, shown by long-duration,
complex motor unit action potentials (c(MUAPs), and c. chronic reinnervation, identified by large-
amplitude MUAPs [138]. According to EMG criteria for ALS diagnosis, there must be evidence of
either acute or chronic denervation in at least three anatomical regions (bulbar, cervical, thoracic,
lumbosacral), or in three extremities involving at least two muscles per limb, each innervated by
different roots [139]. Importantly, EMG should not show signs of demyelination or sensory nerve
involvement, as these are not typical in ALS.

Magnetic resonance imaging (MRI) is the imaging modality of choice, primarily used to exclude
alternative diagnoses such as structural or demyelinating diseases. While MRI is often normal in ALS
[4,124], subtle findings, such as motor cortex atrophy and T2-weighted or FLAIR hyperintensities in
the posterior limb of the internal capsule, descending corticospinal tracts, or spinal cord, may suggest
corticospinal tract Wallerian degeneration [6,140]. These imaging findings can be particularly
valuable in cases where prominent LMN signs obscure UMN involvement.

Additional laboratory testing is necessary to exclude other potential conditions that may mimic
ALS [124]. In some cases, individuals with ALS may exhibit mildly elevated serum creatine kinase
and normal or slightly increased cerebrospinal fluid protein levels [4,124]. Muscle biopsy is not
required for diagnosis but can support it by demonstrating neurogenic denervation in affected
muscle tissue [4]. The diagnostic approach to ALS is summarized in Figure 1.

ALS Diagnostic Algorithm

| Suspected ALS |

l

| Clinical Examination |

Suspected ALS | no ALS
NCS EMG MRI  |Abnormal
Abnormal | Abnormal Normal

Revised El Escorial

Criteria
Metl Unmetl |
ALS
Diagnosis Investigate
(Definite, Alternative
Probable, Diagnosis
Possible)

Figure 1. ALS diagnostic algorithm. Created using Biorender.com.
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7. Treatment

To date, there is no cure for ALS. Management primarily focuses on symptomatic treatment,
although four drugs have been approved to delay disease progression [141]. Numerous other agents
are currently under investigation in ongoing clinical trials (Table 3).

The four approved therapies are riluzole, edaravone, relyvrio, and tofersen. Riluzole, a
glutamate antagonist, was the first drug approved for ALS in 1995 [142]. It has neuroprotective
effects, delays the need for ventilatory support, and extends survival by approximately three months.
Riluzole can be administered orally or intravenously. Common side effects include nausea and
hepatotoxicity [143]. Edaravone, an antioxidant and free radical scavenger, was approved by the FDA
in 2017 [144]. It has been shown to slow disease progression, particularly in early-stage ALS. Initially
available only as an intravenous formulation, an oral suspension is now also offered. Side effects may
include skin erythema, headache, and gait disturbances. Notably, the efficacy of edaravone remains
inconclusive and inconsistent, as clinical trials have reported conflicting results [145,146]. Due to the
limited evidence of effectiveness, edaravone has not been approved for use in Europe. Relyvrio
(sodium phenylbutyrate-taurursodiol), an anti-apoptotic neuroprotective agent, received FDA
approval in 2022 [147]. It delays disease progression and improves survival, and is administered
orally as a powder. Common adverse effects include headache, nausea, and fatigue. Tofersen, an
antisense oligonucleotide targeting SOD1 gene mutations, was approved in 2023 for patients carrying
SOD1 mutations [148]. While tofersen’s impact on disease progression has been supported by
reductions in neurofilament light chain (NFL) levels, a biomarker of neuronal injury, its clinical
efficacy is still being evaluated. The drug is administered intrathecally and may cause side effects
such as myalgia, arthralgia, and fatigue [148,149].

The treatment of ALS largely depends on symptomatic therapy for the appropriate management
of symptoms [4]. For the treatment of spasticity, baclofen and tizanidine are widely used [160]. For
the treatment of sialorrhea, glycopyrrolate and amitriptyline are usually prescribed. Botulinum toxin
injections in the parotid and submandibular glands are also effective. In refractory cases, radiation
therapy to salivary glands is an option [161,162]. In the presence of dysphagia, special diets need to
be administered. However, in patients with severe dysphagia, percutaneous endoscopic gastrostomy
can be performed, in order to avoid the risk of aspiration [162]. In patients with dyspnea, cough-assist
devices, opioids, and non-invasive ventilation can be used [163]. For the treatment of cognitive,
behavioral, and mood disturbances antidepressants and antipsychotics should be administered
accordingly [164]. Additionally, dextromethorphan/quinidine has been approved for the treatment
of pseudobulbar symptoms [165]. Depending on the cause and severity of pain, patients may receive
either non-steroidal anti-inflammatory drugs, opioids, or gabapentin in the case of neuropathic pain
[166]. Overall, for the appropriate and holistic management of patients with ALS a multidisciplinary
team comprising of neurologists, psychiatrists, internists, speech and language therapists,
physiotherapists, and palliative care therapists is essential.

Table 3. Therapeutic agents currently under evaluation for the treatment of ALS through clinical trials.

NCT NUMBER THERAPY MECHANISM/ PHASE STATUS TYPE  REFERENCES
TARGET
RNA -
NCT05903690 RAG-17 MRS o 0 et Compleind Tntomiood [0
SOD1 gene
NCT06849609 VGN-R13 AAV vector Early Phase I Recruiting Interventional N/A
NCT06645197 SNUGO1 AAV vector Early Phase I Not yet Recruiting Interventional N/A
NCT06665165 AMX0114 AMX0114 ASO Phase I Recruiting Interventional N/A
NCT06307301 Abatacept & IL-2 I o 6if iy Phase I Active, not recruiting Interventional N/A

numbers & suppression

NCT05695521 CK0803 Allogen?lzz:;;gs (cord Phasel  Active, not recruiting Interventional [151-153]

NCT04948645 Fosigotifator LEHS modl}lator Gt Phase I Active, not recruiting Interventional N/A
activator)

NCT05633459 QRL-201 STMN2 ASO Phase I Recruiting Interventional N/A
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NCT03626012 BIIB-078 C9orf72 ASO Phase I Completed Interventional N/A
NCT04494256 BIIB-105 ATXN2 ASO (TDP-43)  Phase I/II Terminated Interventional [154]
Anti-inflammatory .

NCT02238626 MN-166 (TLR4 inhibitor) Phase I Completed Interventional N/A
NCT03456882 RNsgo ~ “itechondrial metabolic by oy Completed  Interventional ~ N/A

enhancer

Anti-Clq monoclonal .

NCT04569435 ANX005 . Phase II Completed Interventional N/A

antibody
NCT05039099  AP-101 Anti-misfolded SOD1 b\ 11 Active, not recruiting Interventional  N/A

antibody
NCT03359538 Rapamycin Autophagy enhancers Phase II Completed Interventional [155]
NCT05981040 ZYIL1 (Usnoflast) NLRP3 inhibitor Phase 11 Completed Interventional [156]
NCT04615923  Pridopidine  Sigma-1 receptor agonist Phase II/III Completed Interventional N/A
NCT04297683 DNL343 ISR modulator Phase II/IIl  Active, not recruiting Interventional N/A

Regulatory T-cell
NCT04220190  RAPA-501 ~eguiatory -ce Phase II/III Recruiting Interventional  N/A
immunotherapy
t tal
NCT04414345  CNM-Au8 Nasce‘;h;‘;l:}’frys @ Phase I/III Completed Interventional  N/A
Masitinib in
NCT02588677 combination withTyrosine kinase inhibitor Phase II/II Completed Interventional [157]
riluzole
NCT04856982 Tofersen SOD1 ASO Phase IIl  Active, not recruiting Interventional [158]
NCT04944784 Reldesemtiv Troponin activator Phase III Terminated Interventional N/A
NCT03280056 NurOwn MSC-NTE cell therapy  Phase I1I Completed Interventional [159]
8. Concluding Remarks

Early diagnosis, the development of reliable biomarkers, and stratification of patients based on
genetic and phenotypic subtypes may enable precision medicine approaches in ALS management.
Continued investment in translational research, particularly the development of novel complex
models that more accurately recapitulate disease pathology, including models with multiple genetic
mutations or variations, alongside well-designed clinical trials, may accelerate the emergence of
disease-modifying therapies for ALS.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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